Abstract Porosity resulting from linear autogenous laserwelds of 304L stainless steel are non-destructively examined and digitally reproduced by means of micro-computed tomography. These digitized microstructures are then imported into a finite element framework in which the pores are surrounded by an idealized, homogenized geometry, and exposed to a plastic strain-inducing failure load. Variations in equivalent plastic strain, strain at peak load and load-to-failure were all found to bear some correlation with the digitized microstructure's local and global porosity content in simulation. Furthermore, experimental results show agreements in deformation trends predicted by simulation but reveal simulations underestimate both peak load and strain-to-failure.
Introduction
Understanding and quantifying the presence of porosity within laser-welds is an area receiving increasing attention and effort [1] [2] [3] [4] [5] . Previous work to rigorously quantify porosity in three-dimensions within laser-welds of 304L stainless steel has been undertaken, resulting in the identification of porosity size, shape, frequency, directionality, and interspacing distributions, all as functions of three primary processing parameters: focal length, travel speed, and power delivered at the workpiece [6, 7] . The work presented here is a continuation of that effort and is focused on leveraging the benefits of meticulous characterization with finite element modeling toward some level of prediction relative to mechanical response in this highly utilized material system.
While there are many microstructural factors that contribute to a material's mechanical response, the effect of porosity in 304L stainless steel is not well understood. Authors have reported the presence of porosity having no effect on mechanical response [8] while others have shown increasing porosity content can either strengthen or degrade tensile strength in 304L [9] . This work seeks to isolate and evaluate the relative effect of porosity by strictly limiting the factors used to generate the welds of interest, thereby effectively bounding the parameter space to produce three readily identifiable regimes of porosity content [2, 3] . The mechanical response of these welds are then evaluated by both finite element simulation and compared with mechanical tensile tests.
Experimental Method & Computational Approach
Here a subset of welds from a larger test matrix [6] , and reported elsewhere [7] , have been revisited for this study. This subset consists of six welds, produced at three constant weld travel speeds; 1016, 1524, and 2032 mm min -1 , two laser optic focal lengths, 80 and 120 mm, and one power: 1,200 W. Autogenous argon-shielded Nd:YAG laser partial-penetration welds with standing-edge joint geometry were produced by joining two 2.54 9 10.16 9 0.1 cm plates of 304L stainless steel having the following elemental composition: Fe-0.04C-18.12Cr-1.21Mn-8.09Ni-0.028N-0.022P-0.001S-0.34Si (wt%).
Following welding, each weld was examined via microcomputed tomography, yielding full three-dimensional reconstructions of the porosity content throughout each weld. The resolution of each data set was nominally 31 9 31 9 31 lm voxel -1 . Each weld produced varying amounts of porosity as identified by traditional metallographic inspection and advanced three-dimensional characterization. For convenience, the abbreviated weld matrix and nominal pore fraction for each weld case are summarized in tabular form, see Tables 1 and 2 . For additional details of porosity characterization, the reader is referred elsewhere [6, 7] .
Using the obtained three-dimensional reconstructions, meshes of hexahedral elements were imported into Jas 3D, a Sandia National Laboratories-developed three-dimensional finite element code designed to solve large quasistatic nonlinear mechanics problems. Images of the reconstructed, meshed, and imported elements can be seen in Fig. 1 .
The pores were instantiated as voids and a fixed rectangular volume was extruded around the pores with fixed boundary conditions enclosing the simulation domain within a rectilinear body having the linear series of pores oriented along the body's length or major axis. The surrounding volume was ascribed material properties derived from previous experimental work with porosity-containing welds of 304L having largely similar processing and thermal histories [8] . These values are summarized in Table 3 . Each mesh was then subjected to a tensile load and strained to failure in which an elastic, power-law plastic constitutive model was used. In the case of this experiment, the authors define failure as the loss of loadbearing capability at a level equal to or lower than the initial yield stress. To increase the efficiency of the finite element calculations, meshes were downsized by a factor of four. Redundant cases run without downsizing showed Hardening exponent (n) 0.32 neither significant variation in the calculations nor any mesh size dependency of the result. Following welding three-dimensional characterization and simulation, mechanical test specimens were prepared by removing the unwelded ligament from the partial-penetration standing-edge welds, resulting in elongated rectangular cross-sectional samples roughly matching the rectilinear geometries previously modeled. It should be noted, due to machining limitations, physical sample dimensions did not bear exact matches to simulation domains. These samples were then strained to failure to serve as a nominal comparison to finite element simulations. 
Results
The straining behavior observed in all simulations was characterized by rapid localization of stress at a specific point in the pore-containing rectilinear body with a rapid drop in all load-bearing capability immediately following arrival at peak load. Images of one finite element simulation showing the mesh undergoing increasing strain and subsequent necking are shown in Fig. 2 . The authors wish to note, there are no fracture mechanics incorporated into the model, therefore; while the necking behavior appears exaggerated at long simulation times, the stress response illustrates loss of load-bearing capability long before excessive necking. In comparing the specific strain response to both the local and global porosity content, two interesting correlations are observed. By dividing each simulation domain into elemental slices perpendicular to the orientation of the applied tensile load throughout its length, measures of the local porosity content are returned. These values ranged from zero to approximately 2.5% in any given slice. As shown in Fig. 3 , for both the 80 and 120 mm focal distance welds, with increasing local porosity content, a higher maximum equivalent plastic strain was returned. As a result, the highest localized plastic strains were observed in welds produced using a 1,016 mm min -1 travel speed. Such welds also contain the greatest overall pore fraction of voids and comparably, the largest average void size.
By strictly considering the global porosity content of the simulation domains, it was observed that with increasing global pore fraction, while equivalent plastic strain increases, the total amount of strain the microstructure can endure before losing load-bearing capability decreases, Fig. 4 . This would suggest either a greater pore fraction, or greater average porosity volume has the ability to limit and/or decrease the ductile response of 304L as compared to smaller pore volume fractions or smaller average pore size.
In comparison with mechanical tensile tests, simulations reliably reproduce both the initial yielding and hardening behavior observed in experiment, Fig. 5 . Experimental results are consistent with the simulation predictions of smaller voids which comprise an overall smaller volume fraction, sustaining a slightly higher peak load and greater elongation prior to failure. Unfortunately, simulations also underestimate peak stress by approximately 100 MPa and total strain-to-failure by a factor of 3.
Discussion
These results show that while mechanical response can be rather similar for a collection of laser-welds in 304L, their local and global porosity content contribute to the mechanical response. While the variation illustrated here is not dramatic, the results indicate a subtle systematic change in processing parameters can produce a tractable change in the microstructure, which in turn can effect a systematic change in the stress-strain response. As predicted in simulation and confirmed by experiment, a comparatively lower volume fraction of smaller volume pores distributed throughout the fusion zone can sustain a higher stress to failure and accommodate greater elongation in tension. The authors suggest the reduction in strainto-failure for cases having slower travel speeds and larger voids are supported, if not partly explained, by two observations from the simulations. First, the simulations show, higher local porosity levels allow for a greater distribution and higher maximum equivalent plastic strains experienced throughout the microstructure, Fig. 3 . Secondly, the occurrence of lower strains at peak load corresponds to higher levels of global porosity content across samples examined, Fig. 4 . These suggest a microstructure having a lower volume fraction of smaller pores will provide greater ductility and a higher failure strain prior to necking and failure. While this study does not distinguish whether the behavior observed is primarily attributable to the effect of the overall volume fraction, local void spacing or a combination of the two, decoupling the contribution of each will be the work of a future study.
Conclusions
• While the simulation model employed here underestimates the peak stress and total strain-to-failure, imagebased models of pore geometries can be directly imported into finite element code to help understand the mechanical response of pore containing welds of 304L stainless steel.
• As shown via simulation and experiment, lower volume fractions of smaller average size pores sustain greater strains and higher peak stress prior to failure when compared to collections of larger voids constituting a higher volume fraction in 304L stainless steel autogenous welds.
• Although samples with larger voids can experience higher localized maximum equivalent plastic strain, these arrangements of voids appear to yield to necking at lower stresses and lower strain.
